Density functional theory ͑DFT͒ molecular dynamics simulations of a thin ͑ϳ15 Å͒ water film on NaCl͑001͒ have been performed, with the aim of understanding the structural and dynamic properties of this important interfacial water system. The interaction of the water film with the surface orders the water molecules in the immediate vicinity of the interface. This is reflected by oscillations in the planar-averaged water density distribution along the surface normal that extend to about 8 Å from the surface. The interaction with the substrate leaves many of the water molecules in the immediate vicinity with broken hydrogen bonds and as a consequence considerably reduced dipole moments. Indeed a clear correlation between the number of hydrogen bonds which a water molecule is involved in and its dipole moment for both water on NaCl and bulk water is observed. How the DFT results obtained here compare to those obtained with various empirical potentials is briefly discussed.
I. INTRODUCTION
At room temperature and at relative humidity below the deliquescence point of 75% NaCl crystals are covered in a thin film of water believed to be about a nanometer thick or so. 1, 2 However, the properties of this interfacial water system, which essentially represents the "native" state of NaCl surfaces, remain unclear. Important basic questions, such as what the dynamic liquid structure, density variations, hydrogen bonding network, and electronic properties of the molecules in the adlayer are, remain unanswered. In the current article we address these and several other issues with the aid of ab initio molecular dynamics ͑MD͒ simulations.
Considerable experimental and theoretical work has been devoted to the study of water-NaCl interfaces. Within the present context in which atomic and molecular-level insight is targeted, most of this work has been of the surface science style in which "frozen" water adsorption structures have been examined at cryogenic temperatures and under ultrahigh vacuum ͑UHV͒ conditions. Under these conditions two periodic water overlayers have been observed for the first wetting layer of water on NaCl͑001͒: A c͑4 ϫ 2͒ and a ͑1 ϫ 1͒ structure. 3, 4 The circumstances under which each overlayer forms was somewhat controversially discussed until Toennies et al. 5 showed that exposure of the ͑1 ϫ 1͒ layer to low energy electrons caused it to transform into the c͑4 ϫ 2͒ overlayer. Both structures have been modeled with density functional theory ͑DFT͒ by a number of groups, 6, 7 with Cabrera-Sanfelix et al. 7 concluding recently that the ͑1 ϫ 1͒ and c͑4 ϫ 2͒ structures were essentially degenerate.
In the high coverage regime and under ambient conditions, the main focus of previous experimental studies has been on exploring the onset of dissolution. [8] [9] [10] [11] [12] Peters and Ewing 1 used infrared spectroscopy to establish that under ambient conditions, water adsorbs onto the surface of NaCl͑001͒ into a liquidlike thin film. The film grew to an approximate thickness of 3 ML before the onset of deliquescence. Arsic et al. 13 used surface x-ray diffraction to explore the water/NaCl͑001͒ interface at different relative humidities. It was suggested that at relative humidity above 45%, the water molecules in the contact layer possess a considerable degree of lateral ordering. Although Arsic et al. did not expand upon this suggestion, as we will show below, it does appear to be consistent with the results of our first principles MD simulations. On the theoretical side, there have been several empirical force field MD simulations of aqueous water films on NaCl surfaces.
14, 15 Anastasiou et al. 14 first modeled a water film on perfect NaCl͑001͒, finding variations in the planaraveraged water density along the surface normal, with a large peak in the planar-averaged water density at the immediate water/NaCl interface. Shinto et al. 16 studied the characteristics of a water film on perfect NaCl͑001͒ and NaCl͑011͒. Again they found buildups in the planar-averaged water density at the NaCl interfaces. Indeed at the ͑100͒ surface a planar-averaged water density maximum of ϳ3.4 g / cm 3 was observed. Stöckelmann and Hentschke, 17 using a polarizable water model, came to a similar conclusion about the planar-averaged water density maximum at the NaCl͑001͒ interface, observing a density maximum of ϳ2.7 g / cm 3 . The fact that the planar-averaged density distribution exhibits variations along the surface normal indicates that the liquid near the surface is perturbed by the interface, with the molecules in the immediate interfacial layer expected the show more ordering than those in the bulk of the liquid. Indeed ordering of liquids at interfaces and the density oscila͒ Author to whom correspondence should be addressed. Electronic mail: angelos.michaelides@ucl.ac.uk. lations this implies is now a well-established feature of solidliquid interfaces, in general ͑see, e.g., Refs. 18-25͒. However, for water on NaCl͑001͒, given the sensitivity of the results to the details of the force field interaction parameters employed, it is worthwhile to explore the liquid water/NaCl interface with a predictive first principles approach. Previous first principles studies have focused on examining water in the bilayer or sub-bilayer regime and mostly they have been concerned with establishing low total energy structures at 0 K. [26] [27] [28] [29] Mainly this is because exploring the properties of liquid-solid interfaces remains a challenge for first principles theory due to the often computationally prohibitive twin demands of large system sizes and long timescales. Indeed for these reasons there have only been a handful of such studies reported to date. 25, [30] [31] [32] [33] There have also been a number of first principles studies dealing with the interaction of water with NaCl clusters which are likely to be of some relevance to NaCl dissolution, a topic that is beyond the scope of the current study. [34] [35] [36] [37] [38] [39] [40] In an attempt to better understand the properties of the liquid water/salt interface, we present here ab inito MD simulations of a nanometer thick water film on the perfect NaCl͑001͒ surface. This is a full account of a previous communication. 41 The properties we focus on and aim to shed light on are the planar-averaged water density profile, the interfacial structure of water molecules, the network of hydrogen bonds, and electronic structures of the molecules in the overlayer. To begin, we describe the details of the computational setup employed ͑Sec. II͒. Following this the properties of the water/NaCl interface obtained from our MD simulations are analyzed ͑Sec. III͒. The dependence of the planar-averaged water density profile on temperature is then briefly considered and the density profile obtained from our first principles simulations is compared to those obtained with a few simple empirical potential parametrizations ͑Sec. IV͒. We close with a short summary and some conclusions ͑Sec. V͒.
II. METHOD
The DFT calculations reported here have been performed with the CP2K/QUICKSTEP ͑Ref. 42͒ program, which uses a hybrid Gaussian and planewave basis set and is based on DFT. The Perdew-Burke-Ernzerhof 43 ͑PBE͒ exchangecorrelation functional has been used along with norm conserving Goedecker-Teter-Hutter 44 pseudopotentials. The well-known problem of nonlinear core-valence electron exchange and correlation for Na ͑Ref. 45͒ has been eliminated in the present study by treating the Na 2s and 2p electrons as valence electrons. The wave functions of the valence electrons are expanded in terms of Gaussian functions with a triple-doubly polarized basis set ͑TZV2P͒ for H, O, and Cl, and a double-single polarized basis set ͑DZVP͒ for Na. For the auxiliary basis set of plane waves, a 320 Ry density cutoff is used. The quality of this basis set has been fully checked. As shown in Table I , for example, compared with a considerably larger combination of QZV2P and TZV2P basis sets, the adsorption energy of a water monomer on NaCl changes by 45 meV and the Na-O distance by only 0.002 Å.
For the water/NaCl system, a p͑3 ϫ 4͒ NaCl͑001͒ supercell is used, containing a three layer NaCl slab and 89 water molecules, as shown in Fig. 1͑a͒ . A computed lattice constant for NaCl of 5.72 Å has been used, which is within 2% of experimental value of 5.63 Å. 46 The adsorbed water layer is about 15 Å thick and there is a further 25 Å vacuum used to TABLE I. Dependence of the adsorption energy E ads and the distance between the Na and O of a water monomer on the basis set employed. For the first four data columns, Na and Cl are DZVP and TZV2P, respectively. For the last column, Na and Cl are TZV2P and QZV2P, respectively. For these calculations a three layer slab with a water coverage of 0.5 ML is used. The basis set setup employed for the ab initio MD simulations is indicated in bold. E ads = E water/NaCl͑001͒ − E NaCl͑001͒ − E water , where E water/NaCl͑001͒ , E NaCl͑001͒ , and E water are the total energies of the water/NaCl͑001͒ adsorption system, the clean NaCl͑001͒ surface, and an isolated gas phase water molecule, respectively.
(a) (b)
FIG. 1. ͑Color͒ ͑a͒ Part of the water/NaCl simulation supercell at one particular snapshot of the MD simulation. ͑b͒ Isosurface of electron density rearrangement ⌬ e ͓as obtained from Eq. ͑1͔͒ at the same snapshot of the simulation. A constant density isosurface of Ϯ0.007e / Å 3 is displayed, with yellow indicating positive regions ͑electron accumulation͒ and purple negative regions ͑electron depletion͒. The z axis is the long axis of the simulation cell. Red, white, dark blue, and light blue spheres represent O, H, Na, and Cl atoms, respectively. separate slabs in adjacent cells. A three layer NaCl slab was selected after a series of tests, which established that the adsorption energy of a water monomer on NaCl͑001͒ is rather insensitive to the number of layers used in the calculations. For example, as can be seen from Table II , the monomer adsorption energy and structure are within 10 meV and 0.002 Å of that obtained on a six layer thick slab.
The liquid water/NaCl simulations began with a MD simulation performed with empirical potentials ͑200 ps duration at ϳ300 K͒. For these simulations the Born-MayerHuggins potential 47 was used for NaCl, TIP3P ͑Ref. 48͒ for water, and the water-ion interaction parameters were taken from Ref. 49 ͑Table III͒. The final structure obtained from the empirical potential simulations was then used as the initial configuration for the first principles MD simulations, which were of the Born-Oppenheimer ͑BO͒ type within the microcanonical ͑NVE͒ ensemble. Although the phase diagram of PBE water has not yet been determined, previous studies have shown that at room temperature DFT-PBE water is overstructured and has a diffusion coefficient much smaller than experiment. 25, [50] [51] [52] [53] To avoid this problem DFT-PBE simulations of liquid water are often performed at high temperatures ͑330-400 K͒. 25, [50] [51] [52] [53] Here we set a target temperature of 330 K for the NVE simulations. For comparison, a simulation has also been performed at a target temperature of 360 K, which we discuss in Sec. IV. The first principles simulation of the as-described water film on NaCl͑001͒ was run for a total of 35 ps. For the first 5 ps velocity rescaling was performed. The nuclear equations of motion have been integrated using a standard velocity Verlet algorithm with a 1.0 fs time step and deuterium masses for the hydrogen atoms used in order to facilitate a larger timestep, although we will refer to water as H 2 O throughout. By using D masses for the hydrogen atoms the nuclear quantum effects of water are also reduced. 53 Only the final 20 ps of the simulation was used for analysis and data acquisition. During the MD simulation, a strict convergence criterion for the electronic gradient, 10 −7 , is employed. This ensures stable microcanonical dynamics as illustrated by the plot of the total and potential energy of the system ͑Fig. 2͒. The measured total energy drift is smaller than 10 −5 eV/ ps/ atom and the potential energy rather flat, especially the last 20 ps of the simulation. In addition we note that throughout the entire simulation, no Na or Cl ions dissolve into the water film nor do any water molecules dissociate within or desorb from the liquid water film.
BO MD simulations for a bulk liquid water reference system were also performed. This system was comprised of 32 D 2 O molecules in a 9.853 Å cubic cell ͑equivalent to a water density of 1 g / cm 3 ͒ and was examined with the same exchange-correlation functional, basis sets, ensemble and temperature, time step, etc., as the water/NaCl calculations.
III. RESULTS
We now discuss the main results to come from our ab initio MD simulations. First, we discuss structural prop- 
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Nanoscale water film on salt J. Chem. Phys. 130, 234702 ͑2009͒ erties of the liquid overlayer, such as the density of water molecules along the surface normal, their orientational distribution, radial distribution functions ͑RDFs͒, and hydrogen bonding network. Following this, we study the interface structure in the immediate water/NaCl contact layer. Certain electronic properties of the water film are reported in Sec. III F.
A. Density profile of the water
The first and probably most important property of the water film that we now discuss is the density distribution of water molecules. To this end the planar-averaged water density as a function of distance from the interface is shown in Fig. 3͑a͒ . The density profile depicted by the solid line in Fig. 3͑a͒ ͑and the others reported in Figs. 11-13͒ was obtained by averaging the density within 0.125 Å intervals along the z axis. Tests of bins with other widths ͑0.063-0.25 Å͒ demonstrated that the density profiles obtained are not particularly sensitive to this choice. For example, the dotted line in Fig. 3͑a͒ was obtained by averaging the density along the z axis within 0.063 Å intervals, and it is practically indistinguishable from the one obtained with the 0.125 Å bin. Large density oscillations are observed in the film. Such oscillations are expected and a characteristic feature of water at an interface. [18] [19] [20] [21] [22] [23] [24] [25] The detailed nature of the oscillations in the density profile is specific to water on NaCl͑001͒, which is what we examine now.
For discussion purposes, we consider the water film as being split into five separate layers as shown in Fig. 3͑a͒ . The division into layers is guided by the observed oscillations in the density profile, with the boundaries placed at minima on the density profile, except for the boundary between the fourth and fifth layers, which has been placed just before the density begins to drop to zero as the vacuum is approached. In the immediate vicinity of the interface, there are two intense peaks in the planar-averaged density ͑layers 1 and 2͒. The first peak within layer 1 has a density maximum ϳ40% higher than that of equilibrium room temperature water, i.e., the density maximum is 1.4 g / cm 3 . Water molecules in this region can be expected to be greatly overstructured compared with ideal bulk liquid water under the same conditions ͓although much less structured than in bulk ice, cf. the dashed line in Fig. 3͑a͔͒ . Later, upon consideration of the distribution of O and H atom densities we will show that this is indeed the case. For the second peak, corresponding to layer 2, the planar-averaged density is again rather high, 1.26 g / cm 3 . Outside the second peak, there is a deep valley, where the density drops to only 0.3 g / cm 3 . Quite few oxygen atoms are located at the boundary between layers 2 and 3, as can be seen from Fig. 3͑b͒ , which shows the specific planar-averaged densities associated with the O and H atoms. Only at a distance of ϳ10 Å from the surface does the density settle at the bulk liquid water value of 1 g/ cm 3 . We note that the equilibrium density of PBE liquid water may not be exactly 1 g / cm 3 . 54, 55 Thus the precise magnitude of the planar-averaged density oscillations observed here relative to PBE bulk liquid water is somewhat unclear. Because the water film is only about 15 Å thick, the region with bulk liquid water density is narrow ͑3-4 Å͒. Beyond this ͑layer 5͒ the density decreases to zero as the water/vacuum interface is approached, in a similar fashion to the previous DFT report of the liquid water/vacuum interface. e ͒ between the water and NaCl surface. ͑e͒ Distribution of dipole moments per water molecule. The dashed vertical lines and numbers in ͑a͒ specify the layers into which the film is divided for analysis purposes. The average height of the first layer of the NaCl͑001͒ is defined as the zero of the abscissa. The distributions of O and H atom densities within the film reveal further information about the overlayer ͓Fig. 3͑b͔͒. First the O and H number density distributions differ significantly, implying again that there is appreciable order of the water molecules within the overlayer. Specifically, at the water/NaCl interface, the hydrogen atoms are closer to the interface than the O atoms. Such results indicate that some of the water molecules have OH bonds which are directed at the interface. Second, the peaks and valleys for the separate O and H distributions do not exactly overlap. Indeed the position of the first peak of the H distribution is quite close to that of the first valley of the O ͑and water͒ density. Likewise there is a surplus of H atoms in the valleys in the O density separating layers 2 and 3. Thus the H atoms play a role in connecting the densities of layers 1-3. After layer 3, the distributions of H and O atoms become quite flat, representative of a more inhomogeneous liquidlike overlayer. Finally, at the water/vacuum interface the H atom density extends about 0.5 Å beyond that of the O atom density, indicating that a proportion of the OH bonds at this interface "dangles" into the vacuum.
B. Water orientational distribution
From the O and H planar-averaged density distributions, we have obtained qualitative insight into the orientations of the water molecules within the film. To obtain a more detailed picture the distribution of water dipole moment orientations within each layer has been examined. The dipole moment orientation is defined as the angle between the dipole vector of the water molecule and the surface normal ͑z axis of the unit cell͒. A homogeneous orientational distribution of water molecules within a layer would be represented by a weak or no dependence on cos . A predominance of molecules in a layer with dipole moments directed away from the NaCl surface would result in a peak at cos Ͼ 0, and a predominance of molecules with their dipole moment oriented toward the NaCl surface would lead to a peak at cos Ͻ 0.
The calculated orientational distribution of molecular dipole moments is presented in Fig. 4 . In layer 1, two main peaks are obtained. The first peak, cos = 0.7, corresponds to water molecules adsorbed on the surface with both of their OH bonds directed slightly away from the surface. Later ͑Sec. III E͒ we will show that these are associated with water molecules adsorbed above the Na sites of the substrate. The second smaller peak in the first layer at cos = 0 corresponds to molecules with their dipole moment almost parallel to the surface. Again, we will show below that this peak is associated with molecules close to Cl sites of the substrate with one of their OH bonds interacting with Cls. The orientational distribution within layer 2 resembles layer 1 to some extent but in addition has a large peak at cos = −0.95, indicating the presence of a fraction of water molecules with their dipole directed at the NaCl surface. Layers 3 and 4 exhibit somewhat bimodal distributions with the former possessing large fractions of flat and downpointing molecules and the later large fractions of upright and downpointing molecules with relatively few aligned parallel to the surface. For the outermost layer, layer 5, a single broad maximum around cos = 0 is observed, indicating that most of the molecules at the water/vacuum interface are aligned approximately parallel to this interface.
C. RDFs
RDFs are a traditional means with which to explore the structural properties of liquids. Here, we examine the oxygen-oxygen ͑O-O͒ and oxygen-hydrogen ͑O-H͒ RDFs for each layer within the film. These are reported in the height of the first O-H intermolecular peak at 1.7 Å is considerably reduced compared to bulk at the two interfaces. Specifically g OH for layers 1 and 5 is ϳ1.1, compared to g OH ϳ 1.9 for bulk water. These reductions in the peak heights in the RDFs are to be expected and simply a result of the reduced coordination brought about by the presence of the NaCl and vacuum interfaces. The preferred orientational distributions and high density of water molecules in layer 1 give rise to some changes in the O-H intermolecular region: The O-H peak position is shifted slightly ͑ϳ0.04 Å͒ to longer distances and there is a new small peak at ϳ2.5 Å. Moving into the interior of the water film, the first peak maxima of both the g OO and g OH recover quickly: Layers 2, 3, and 4 have O-O RDF maxima of 3.02, 3.37, and 3.13, respectively.
D. Network of hydrogen bonds
Many of the properties of water are related to its network of hydrogen bonds. It is therefore worth considering how the hydrogen bonding properties of the thin supported water film examined here differ from those of bulk water. To this end, we computed the average number of hydrogen bonds the molecules in each layer are involved in. The answer to this question is, of course, sensitive to the definition of the hydrogen bond used, and there is no shortage of definitions of hydrogen bonds or debates as to the average number of hydrogen bonds in liquid water. [50] [51] [52] [53] [56] [57] [58] [59] [60] [61] [62] [63] The results obtained from five specific definitions ͑described in Ref. 61͒, plotted as a function of the distance from the interface, are shown in Fig. 3͑c͒ . It can be seen that all definitions yield qualitatively similar results, with only rather modest quantitative differences obtained from the five definitions. The main conclusion of this analysis is that there is a pronounced reduction in the average number of hydrogen bonds at the interfaces ͑water/NaCl and water/vacuum͒, as expected.
Let us now consider the results of the hydrogen bond analysis in more detail, focusing specifically on the results obtained from definitions I and IV which predict the largest and smallest numbers of hydrogen bonds, respectively ͑Fig. 6͒. For bulk water, our results show that 76% ͑50%͒ of the water molecules have four hydrogen bonds using definition I ͑IV͒. Such results for definition I agree well with previous DFT calculations. 51, 62, 63 Moving to the water/NaCl interface, most of water molecules in layer 1 have three hydrogen bonds ͑57% and 44% with definitions I and IV͒, only 6% ͑4%͒ of the molecules have four hydrogen bonds, 33% ͑40%͒ of the molecules have two hydrogen bonds, and only 3% ͑10%͒ have a single hydrogen bond for definition I ͑IV͒. This indicates that in terms of hydrogen bonds the water molecules close to the NaCl surface are undercoordinated. With increasing distance from the H 2 O / NaCl interface, the network of hydrogen bonds recovers quickly. In fact, it can be seen from Fig. 6 that the hydrogen bonding distribution in layers 2-4 resembles that of bulk water rather closely. Differences from the bulk in terms of the proportion of molecules with various numbers of hydrogen bonds are never more than 5%-10% with both definitions I and IV. As for layer 5, there are again quite a lot broken hydrogen bonds: Large proportions of the molecules are either threefold or twofold coordinated with only 40% ͑21%͒ of the molecules fourfold coordinated with definition I ͑IV͒. Thus, overall it is clear that the presence of each interface has a big impact on the hydrogen bonding network. However, the influence is rather short ranged, and once one is beyond about 4 Å from each interface, the hydrogen bonding network largely resembles that of bulk water.
E. The interfacial structure of water/NaCl
We now focus on the details of the water structure within the first layer, aiming to understand how the water molecules interact with the NaCl surface. To this end we plot in Fig.  7͑a͒ the spatial probability distribution of the oxygen and hydrogen atoms within the first layer projected onto the NaCl surface. This reveals that there are two typical adsorption structures for water molecules in the first layer. In one, the O atoms of the water molecules are located above Na sites ͓Fig. 7͑c͔͒ with the molecular dipole almost parallel to the surface. In the other a single OH bond of an upright water interacts with Cl ions ͓Fig. 7͑d͔͒. We note that the adsorption structure at the Na site resembles the 1 ML UHV structure of water on NaCl͑001͒ suggested on the basis of helium atom scattering 4 and the structure predicted by DFT for water monomer adsorption on NaCl. [26] [27] [28] [29] 64 Throughout the entire trajectory we estimate that each adsorption configuration occurs with equal probability. On average, in a unit cell there are about 11 water molecules adsorbed on the surface within layer 1 ͑the average oxygen atom number within layer 1 for the whole trajectory is 11.05 with a standard deviation of 1.5͒. With 12 Na and 12 Cl ions at the surface, the water coverage in the contact layer is estimated to be slightly less than 1 ML, where 1 ML equals one water per surface NaCl pair. The highly inhomogeneous spatial probability distribution of the molecules on the surface implies a high degree of order in the first layer. The molecules are not uniformly distributed over the surface, but are "pinned" at specific adsorption sites.
Indeed, when we examine the spatial distribution of the oxygen and hydrogen atoms within the first two layers, as shown in Fig. 7͑b͒ , distorted hexagonal and squarelike hydrogen bonded rings are detected.
It is clear that the water molecules in the contact layer adopt certain preferential adsorption structures. To investigate the adsorption configurations in more detail, orientational and distance distributions of both types of adsorption structure were examined. Examples are shown in Fig. 8 in which Na-O and H-Cl distances between the water molecules and the substrate are plotted against , an angle which describes the deviation of each molecule from the precise Na or Cl adsorption site ͑see Fig. 8 for a definition of ͒. From  Fig. 8͑a͒ , we see that the most probable Na-O distance is around 2.6 Å, and the preferred angle mainly centers around 70°. The Na-O distance is a little larger than the computed Na-O distance for a Na ion in liquid water, which is at 2.4-2.5 Å. 65, 66 Figure 8͑b͒ shows that the distance and angle distributions at the Cl site are quite different from those at the Na site. Specifically, the distribution is much broader with a wide maximum in Cl-H distances ranging from 2.2 to 2.8 Å. Likewise the range of angles observed is quite broad ͑45°-65°͒. The maximum in the Cl-H bond length distribution at about 2.4 Å is again longer than the computed Cl ion water distance in liquid water of 2.1 Å. 67 Up to this point we have focused exclusively on the water overlayer. Now we very briefly consider the NaCl substrate. Specifically, we discuss how the NaCl͑001͒ surface layer is altered by the presence of the water film. To this end a separate MD simulation of a clean NaCl͑001͒ surface was performed at 330 K with an equivalent computational setup to that for the water/NaCl simulation. First, we consider the interlayer spacing between the top and first subsurface layer, d 12 . This is slightly expanded compared to the 0 K ͑geometry optimized͒ separation of 2.89 Å. At 330 K, the average separation ͗d 12 ͘ = 2.92 Å. When the water film is present the average separation ͗d 12 ͘ = 2.99 Å. Thus the presence of the liquid water overlayer causes the interlayer spacing at 330 K to expand by 2.4%. Considering the relative heights of the Na and Cl atoms at the surface we find, in agreement with previous DFT-PBE and experimental reports, 29, 68 that at the bare surface the Cl ions in the top layer reside 0.1 Å above the Na ions. In the presence of the water film, the Cl ions remain higher than the Na ions but the height difference drops to 0.03 Å, as shown in Fig. 9 . Considering the root-meansquare ͑rms͒ widths ͑second moments͒ of the ion distributions normal to the surface, we find that these are slightly increased in the presence of the water film: On the clean surface the top layer Na and Cl rms widths are 0.19 and 0.20 Å, respectively. In the presence of the water film the rms widths are 0.29 and 0.23 Å for Na and Cl, respectively. The larger fluctuations in the Na height are consistent with the H 2 O -Na interaction being stronger than the Cl-H 2 O interaction.
F. Electronic properties
We now discuss what the nature of the interaction between the water film and the NaCl slab is. To facilitate this,
͑Color͒ ͑a͒ Spatial distribution functions of O and H atoms projected onto the NaCl͑001͒ surface within layer 1 ͑a͒ and within layer 1 plus layer 2 ͑b͒. Two common adsorption geometries within layer 1 are also shown: ͑c͒ water above a Na ion and ͑d͒ water above a Cl ion.
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we have examined how the total electron density within the NaCl surface and water overlayer rearrange upon bringing them in to contact and also how the dipole moments of the water molecules in the film differ from bulk water. First we consider the electron density rearrangement, which is defined as 
͑t͒, ͑1͒
where water/NaCl e ͑t͒ is the electron density of the water/NaCl system at one particular time t along the MD trajectory. water e ͑t͒ and NaCl e ͑t͒ are the electron densities of the isolated water film and the NaCl slab in the exact structure they adopt at time t of the same trajectory. In Fig. 1͑b͒ , an example of ⌬ e ͑t͒ at one particular snapshot is displayed and in Fig. 3͑d͒ the planar-averaged charge density difference averaged over ten equally spaced snapshots along the trajectory is displayed. The most striking conclusion of Fig. 3͑d͒ is that the electron rearrangement experienced upon bringing the water film and NaCl surface into contact is limited to a very narrow region at the interface. Indeed it can be seen from Fig. 3͑d͒ that there is negligible electron density redistribution beyond ϳ4 Å from the NaCl surface. Thus, the electronic influence of the surface is short ranged and molecules beyond the second layer from the surface do not "feel" the surface in any electronic sense, although, as we have discussed, structurally there is still an effect. Now we examine the dipole moments of the individual water molecules within the film. These have been calculated from the last 1.5 ps of the MD trajectory by means of maximally localized Wannier function centers. 69, 70 For reference, the average dipole moment for bulk water computed within the current computational setup is 3.11 D, which is close to other DFT-PBE results ͓3.10 D ͑Ref. 25͒ and 3.27 D ͑Ref. 51͔͒. It can be seen from Fig. 3͑e͒ that in the central region ͑layer 4͒, the average dipole per water molecule is close to the bulk value: ϳ3.09 and ϳ3.11 D on average for layers 3 and 4, respectively. At the two interfaces, however, the dipole moments of the water molecules are considerably smaller: On average ϳ2.87 D at the water/NaCl interface ͑layer 1͒ and ϳ2.81 D at the water/vacuum interface ͑layer 5͒.
The reduction in the dipole moment at the two interfaces can be attributed to the reduced number of hydrogen bonds the molecules in these regions are involved in. To illustrate this we show in Fig. 10 a plot of dipole moment versus number of hydrogen bonds for the water molecules in the 55 found a similar correlation for bulk water between the magnitude of the molecular dipole moment and the local tetrahedral order, although the correlation coefficient for that relation was only 0.49.
IV. DISCUSSION
Having presented results from a DFT-PBE simulation at 330 K we now briefly consider ͑i͒ how a somewhat higher temperature ͑360 K͒ alters the results and ͑ii͒ how the DFT-PBE results compare to those obtained from a few empirical potential setups.
A. Temperature
It is now well known that DFT calculations with the PBE exchange-correlation functional predict water at room temperature that is overstructured and diffuses too slowly compared with experimental measurements. 25 74 The origin of the overstructuring and low diffusion coefficient is an important unresolved issue, widely discussed in the recent literature. 25, 50, 53, 57, 62, 63, [71] [72] [73] [75] [76] [77] [78] For conventional PBE simulations, the overstructuring has led to the practice of simulating liquid water at slightly higher temperature than room temperature, such as the 330 K used here. However, the diffusion coefficient of PBE water at 330 K is still small ͓Ͻ0.1 Å 2 / ps ͑Ref. 50͔͒. For the water film on NaCl computed here the diffusion coefficient is also 0.1 Å 2 / ps. In order to understand how temperature will affect the density profile for water on NaCl, another MD simulation at 360 K was performed. Apart from the higher temperature all other aspects of this simulation were the same as the one at 330 K. The diffusion coefficient obtained for the molecules in the water film at 360 K is 0.2 Å 2 / ps, twice that obtained at 330 K. In Fig. 11 , the water density profiles perpendicular to the surface from the 360 and 330 K simulations are compared. The comparison between the two temperatures reveals that close to the surface, the large planar-averaged density enhancement is still apparent, in fact, the first peak maximum increases slightly from 1.40 to 1.55 g / cm 3 . However, beyond the immediate interfacial zone the planar-averaged density oscillations are significantly reduced in the higher temperature simulation. Thus the higher temperature mainly affects the water density away from water/NaCl interface and only has a minor impact on the water density close the water/ NaCl interface.
B. Empirical potential simulations
We now briefly consider how the present ab initio MD results compare to those obtained with a few popular force field setups. We mentioned in Sec. I that large enhancements in the planar-averaged water density at the NaCl interface have been reported before; density maxima of up to ϳ3.4 g / cm 3 . 16 We do indeed obtain a large value for the density maximum from our ab initio simulations. However, it is on the order of a 40% ͑1.4 g / cm 3 , Fig. 3͒ increase and certainly not a 240% increase. This prompted us to compare our DFT results to those obtained with empirical potentials for the precise system examined here, i.e., a nanometer thick water film on a flat NaCl͑001͒ surface. Two water models, SPC/E ͑Ref. 79͒ and TIP3P, 48 were used along with a range of typical water-ion parameters used in previous studies, 49, [80] [81] [82] as listed in Table III . Each force field simulation was run for at least 200 ps at 300 K with the last 20 ps used for analysis purposes.
The calculated planar-averaged density profiles obtained with the various force field setups are shown in Fig. 12 . Focusing on the height of the planar-averaged density maximum, it can be seen that this is very sensitive to the choice of water-ion interaction and that all options considered yield a considerably larger density maximum than that obtained from DFT. Whereas the first peak maximum from DFT is 1.4 g / cm 3 , with the force field models it ranges from ϳ2 to ϳ3.2 g / cm 3 . The choice of the water-ion interaction is crucial, with the density profile being less sensitive to the choice of water model ͑for the two tested͒. Of the water-ion param- 11 . ͑Color online͒ Planar-averaged water densities along the z axis calculated by DFT-PBE at 330 and 360 K for water/NaCl͑001͒. The profile at 330 K is the same as the one displayed in Fig. 3͑a͒. eters tested, the parameters of Hummer et al. 80 give the largest first peak maximum: 3.17͑2.86͒ g / cm 3 with TIP3P ͑SPC/E͒ water. The parameters of Smith et al. 49 and LyndenBell et al. 81 yield the smallest peaks: 2.28͑2.22͒ and 2.02͑2.17͒ g / cm 3 using TIP3P ͑SPC/E͒ water, respectively. Moreover, the parameters of Pettitt et al. 82 yield a density maximum of 3.00͑2.72͒ g / cm 3 using TIP3P ͑SPC/E͒. To understand why the various parameters resulted in such large differences in the density maximum, we calculated the adsorption energy of a H 2 O monomer on the NaCl surface using TIP3P and SPC/E, with the four different sets of H 2 O-ion parameters. The water monomer was adsorbed above a Na site, which is predicted by DFT to be the most stable site for water monomer adsorption. [26] [27] [28] [29] As shown in Fig. 13 , a correlation between the water adsorption energy and the first peak maximum of the water density is observed. Specifically, the larger the adsorption energy, the larger the buildup in the water density at the NaCl interface.
V. SUMMARY AND CONCLUSIONS
In conclusion, ab initio MD simulations of a liquid water-salt interface have been performed. The model was chosen to resemble the thin nanoscale water layer that forms on the NaCl͑100͒ prior to deliquescence. The simulations demonstrate that the interaction with the substrate is sufficient to pin the water molecules in the contact layer into specific adsorption configurations. The interaction with the substrate also leads to a buildup in water density in the immediate vicinity of the substrate, which produces damped oscillations in the planar-averaged density along the surface normal. Once one is about 8 Å from the substrate, the bulk liquid water density is recovered and all other properties of the water film considered resemble those of bulk PBE liquid water. A large proportion of broken hydrogen bonds is observed at the water/NaCl and water/vacuum interfaces, leading in part to the observation of a linear correlation between the number of hydrogen bonds a molecule is involved and its dipole moment. Should one wish to perform accurate simulations of the liquid water/NaCl interface with empirical potentials, then we suggest that such potentials should also be capable of capturing the reduction in dipole moment at the water/NaCl interface and, in more general terms, the reduction in dipole moments at the water/vacuum interface too. Here we tested a couple of common nonpolarizable potentials ͑TIP3P and SPC/E͒ and found that they predicted planar-averaged density enhancements in the immediate vicinity of the contact layer that were much larger than that predicted by PBE. In ongoing work we are examining this system with alternative empirical potential schemes. In light of our recent high precision determination of the adsorption energy of a water monomer on NaCl of ϳ0.5 eV, 64 about 50 meV larger than the PBE value obtained here, we are also exploring this system with alternative exchange-correlation functionals and attempting to ascertain the importance of van der Waals ͑dispersion͒ forces for water on salt.
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